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Abstract 1 
The crystallographic structures of the Į- and ȕ- polymorphic forms of para aminobenzoic acid are decon-2 
structed into their constituent hydrogen bonding molecular structural building blocks of monomers, di-3 
mers, tetramers and octamers, where they are analysed using ab-initio quantum mechanical calculations 4 
of their conformation and cluster stability in solution.  5 
The molecular conformation found in the ȕ-form is less stable than the same found in the Į-form for both 6 
the gas and solution phases, suggesting that this causes a slight increase in the barrier to the crystalli-7 
sation of the ȕ-form in comparison to the Į-form. 8 
The solution populations of the self-associated 2+«2+-bonding µFODVVLFFDUER[\OLFDFLGGLPHU¶, present 9 
in the Į- and not the ȕ-structure, is calculated to dominate in acetonitrile, dimethyl sulfoxide, ethanol, 10 
ethyl acetate, methanol, nitromethane and water. It is observed that this classic dimer is least stable in 11 
ZDWHUFRPSDUHGWRWKHRWKHU3$%$FU\VWDOOLVDWLRQVROYHQWVZLWKWKH2+«1+-bonding interaction pre-12 
sent in the ȕ-form being the second most stable dimeric interaction. 13 
These results are discussed in terms of the crystallisability and polymorphic behaviour of the Į and ȕ 14 
forms of PABA from the afore mentioned crystallisation solvents, whilst detailing how this approach could 15 
be reproducible for a range of polymorphic crystalline materials. 16 
  17 
  
5 
1 Introduction 1 
8QGHUVWDQGLQJDQGFRQWUROOLQJWKHWUDQVLWLRQSDWKZD\DVVRFLDWHGZLWKWKHGLUHFWHGDVVHPEO\RIPROHFXOHV2 
IURPWKHLUVROYDWHGVWDWHYLDWKHFU\VWDOOLVDWLRQSURFHVVLQWRWKUHHGLPHQVLRQDORUGHUHGFU\VWDOOLQHVROLGV3 
UHSUHVHQWVDVLJQLILFDQW*UDQG&KDOOHQJHIRUWKHSK\VLFDOFKHPLFDOVFLHQFHV&U\VWDOOLVDWLRQFDQEH4 
VXEGLYLGHG LQWR WKUHHGLPHQVLRQDO QXFOHDWLRQ DQG WZRGLPHQVLRQDO VXUIDFHPHGLDWHG FU\VWDO JURZWK5 
VWDJHVZLWKWKHIRUPHUGLUHFWLQJDQXPEHURIWKHLPSRUWDQWSK\VLFRFKHPLFDODWWULEXWHVRIWKHSURGXFW6 
FU\VWDOVQRWDEO\WKHFU\VWDOVL]HGLVWULEXWLRQFU\VWDOOLQLW\DQGSRO\PRUSKLFIRUP 7 
7KRXJKWKHWUDQVLWLRQSDWKZD\ IURPVROYDWHGPROHFXOHVLQVROXWLRQWRWKHSKDVHVHSDUDWLRQRIPDFUR8 
VFRSLFFU\VWDOVLVVWLOODPDWWHURIVRPHGHEDWHWKHUHKDVEHHQH[SHULPHQWDODQGWKHRUHWLFDOHYLGHQFH9 
WKDWVROXWHPROHFXOHVLQWKHVROXWLRQSKDVHFDQEHGLUHFWHGE\WKLVHQYLURQPHQWWRDGRSWFRQIRUPDWLRQV10 
DQGLQWHUPROHFXODUVWUXFWXULQJWKDWFDQWHPSODWHWKHUHVXOWLQJFU\VWDOORJUDSKLFVWUXFWXUHDQGKHQFHIDFLO11 
LWDWHWKHQXFOHDWLRQRIDPDWHULDO 12 
6PDOOHUPROHFXOHVZLWKVLJQLILFDQWO\ ORZHUGHJUHHVRIFRQIRUPDWLRQDO IUHHGRPVXFKDV LEXSURIHQDQG13 
DVSLULQDUHREVHUYHGWRDGRSWPROHFXODUFRQIRUPDWLRQVFORVHWRWKHLUHQHUJHWLFPLQLPDLQWKHWKHLUFU\VWDO14 
VWUXFWXUHVDQGKHQFHGLVSOD\OLWWOHHYLGHQFHRISRO\PRUSKLFEHKDYLRXU,QFRPSDULVRQPRUHFRQIRU15 
PDWLRQDOO\IOH[LEOHPROHFXOHVVXFKDVEHQ]RSKHQRQHOJOXWDPLFDFLGDQGULWRQDYLUGLVSOD\FRPSOH[SRO16 
\PRUSKLFEHKDYLRXUZLWKWKHPHWDVWDEOHIRUPVRIWKHVHPDWHULDOVGLVSOD\LQJPRUHHQHUJHWLFDOO\IDYRXUHG17 
PROHFXODUFRQIRUPDWLRQVWKDQWKHVDPHLQWKHVWDEOHIRUPV+HQFHLWKDVEHHQSRVWXODWHGWKDW18 
FU\VWDOVWUXFWXUHVZKLFKFRQWDLQHQHUJHWLFDOO\IDYRXUHGPROHFXODUFRQIRUPDWLRQVDUHOLNHO\WREHHDVLHUWR19 
FU\VWDOOLVH7KLVLVOLNHO\WREHDVVRFLDWHGZLWKWKHIDFWWKDWWKHPROHFXOHZLOOKDYHIUHHGRPWRDGRSWORZ20 
HQHUJ\FRQIRUPDWLRQVLQVROXWLRQDQGKHQFHWKHUHZRXOGEHDQHQHUJ\SHQDOW\DVVRFLDWHGZLWKKDYLQJ21 
WRWUDQVLWLRQWRDKLJKHQHUJ\FRQIRUPDWLRQWRIRUPDVROLGVWDWHVWUXFWXUH 22 
)XUWKHU WR WKLV LWKDVEHHQREVHUYHG IRUIOXRUDFLODQG WROEXWDPLGH WKDWVROYHQWVZKLFKFDQ IDFLOLWDWH23 
IRUPDWLRQRIFHUWDLQVWUXFWXUDODUUDQJHPHQWVLQVROXWLRQSULRUWRQXFOHDWLRQZKLFKPLPLFDFHUWDLQSRO\24 
PRUSKFDQWKHQWHPSODWHWKHSRO\PRUSKLFIRUPZKLFKHYHQWXDOO\QXFOHDWHV,QGHHGWKHUHKDVEHHQ25 
  
6 
VLJQLILFDQW UHVHDUFK LQWRXVLQJDUWLILFLDO WHPSODWHVZKLFKDUH WKRXJKW WRSURPRWHFHUWDLQ LQWHUPROHFXODU1 
LQWHUDFWLRQVLQVROXWLRQWRHLWKHUSURPRWHFU\VWDOOLVDWLRQRUELDVWKHFU\VWDOOLVDWLRQWRZDUGVDSDUWLFXODU2 
SRO\PRUSKLFIRUP 3 
7KHLGHQWLILFDWLRQRIWKHLQIOXHQFHRIDQ\FRQIRUPDWLRQDOFKDQJHWKDWPLJKWWDNHSODFHGXULQJWKHFU\VWDO4 
OLVDWLRQSURFHVVLVRIWHQDFKLHYHGE\DFRPSDUDWLYHH[DPLQDWLRQRIWKHFRQIRUPDWLRQDQGLQWUDPROHFXODU5 
HQHUJ\IRUDIXOO\UHOD[HGPROHFXOHLQWKHJDVSKDVHRUWKHVDPHZLWKDVROXWLRQVWDWHDSSUR[LPDWLRQ6 
ZLWKWKDWIRXQGZLWKLQWKHVROLGVWDWHVWUXFWXUHRUVWUXFWXUHVLQWKHFDVHRISRO\PRUSKLFPDWHULDOV7 
4XDQWLI\LQJWKHVWUXFWXUDOHYROXWLRQRYHUWKHIXOOQXFOHDWLRQWUDQVLWLRQSDWKZD\LVH[WUHPHO\FKDOOHQJLQJ8 
HYHQIRUWKHPRVWVRSKLVWLFDWHGRIVLPXODWLRQV+RZHYHUUHODWLQJWKHKRZSUHQXFOHDWLRQFOXVWHUVFDQ9 
VHOIDVVHPEOH LQVROXWLRQDQG WHPSODWHDFU\VWDOOLQH IRUPFDQSURYLGHXVHIXO LQIRUPDWLRQRQ WKH OLNHO\10 
SRO\PRUSKLFGLUHFWLRQRIDVROXWLRQFU\VWDOOLVDWLRQ 11 
2QHK\SRWKHVLVLVWKDWWKHFU\VWDOOLVDWLRQRIDSDUWLFXODUFU\VWDOOLQHIRUPPD\EHGLUHFWHGE\WKHUHODWLYH12 
VWDELOLW\RIVPDOOFOXVWHUEXLOGLQJEORFNVLQVROXWLRQVXFKDVGLPHUVRUWHWUDPHUVZKLFKWKHQVHOIDVVHPEOH13 
WRUHDOLVHWKHVWUXFWXUDOPRWLIVFRQWDLQHGZLWKLQWKHFU\VWDOVWUXFWXUHKDVEHHQH[SORUHGH[WHQVLYHO\LQWKH14 
ILHOGRIFRRUGLQDWLRQPHWDOOLJDQGFKHPLVWU\6XFKVWXGLHVRIWHQIRFXVRQWKHVHOIDVVHPEO\RIFRPSOH[15 
VWUXFWXUHVDQGLQSDUWLFXODURQWDLORUPDGHEXLOGLQJEORFNVWKDWKDYHEHHQGHVLJQHGWRLQGXFHVHOI16 
DVVHPEO\+RZHYHUVRPHPRUHUHFHQWWKHRUHWLFDOVWXGLHVRIRUJDQLFPDWHULDOVKDYHLGHQWLILHGVROXWH17 
FOXVWHUVLQVROXWLRQWKDWUHVHPEOHWKHFU\VWDOOLQHIRUPSURGXFHGIURPGLIIHUHQWVROYHQWV 18 
,QWHUPVRIXQGHUVWDQGLQJWKHQXFOHDWLRQWUDQVLWLRQSDWKZD\LQDUDQJHRIVROYHQWVLWLVSUXGHQWWRLGHQWLI\19 
FRPSXWDWLRQDOO\ HIILFLHQWPHWKRGVRIPRGHOOLQJ WKH VWDELOLW\ RIPROHFXODU FOXVWHUVDVD IXQFWLRQRI WKH20 
VROYDWLRQHQYLURQPHQW'LHOHFWULFFRQWLQXXPWUHDWPHQWRIWKHVROYDWLRQHQYLURQPHQWFDQEHDXVHIXODS21 
SUR[LPDWLRQWRFDOFXODWHVROXWLRQWKHUPRG\QDPLFSURSHUWLHV7KLVDSSURDFKHQFDVHVWKHVROXWHPRO22 
HFXOHZLWKLQDVROYDWLRQFDYLW\LQWKHVKDSHRIWKHPROHFXOHZLWKWKHVROYHQWSURSHUWLHVEHLQJWUHDWHGDV23 
DFRQWLQXXPEDVHGRQWKHGLHOHFWULFFRQVWDQWRIWKHVROYHQW 24 
  
7 
.ODPWDQGFRZRUNHUVKDYHGHYHORSHGDQGH[SDQGHGWKLVDSSURDFKWRIXUWKHUWUHDWWKHLQWHUPROHFXODU1 
LQWHUDFWLRQVZLWKLQVROXWLRQXVLQJVWDWLVWLFDOWKHUPRG\QDPLFVFDOFXODWLRQVDQGKDYHFUHDWHGWKH&2QGXF2 
WRUOLNH6FUHHQLQJ02GHOIRU5HDO6ROYHQWV&260256ZKLFKKDVEHHQH[WHQVLYHO\XVHGWRFDO3 
FXODWHWKHWKHUPRSK\VLFDOSURSHUWLHVRIVROXWLRQV 4 
Drawing upon the above perspective, this paper uses electronic structure theory calculations to examine 5 
how the stability of the molecular conformation and the H-bonded crystallographic building blocks of para 6 
aminobenzoic acid (PABA) in solution can template the relative crystallisation rates of the Į and ȕ forms 7 
of the material. 5HFHQWVWXGLHVKDYHH[DPLQHGWKHOLQNEHWZHHQ2+«2+-bonding dimers in solution 8 
using molecular and intermolecular simulations32, 34. It can be observed that the packing of both forms of 9 
PABA contain different types of H-bonding interactions, hence the stability of all the different types of H-10 
bonding clusters in solution are examined in this study.  11 
The Į- and ȕ-forms of PABA are well characterised50-57, though there have been more recent discoveries 12 
of a third polymorph58 and a nitromethane solvate form59. Rosbottom et al characterised the solid-state 13 
chemistry of the Į- and ȕ-forms characterised in detail1, with the Į-form having two molecules in the 14 
DV\PPHWULFXQLWZLWK LWVK\GURJHQERQGLQJQHWZRUNEHLQJFKDUDFWHULVHGE\2+«2+-bonding dimers 15 
EHLQJOLQNHGE\1+«2+-bonding interactions. In contrast, the ȕ-form has one molecule in the asym-16 
metric unit and its H-bonding network has a four membered H-bonding ring, containing two identical 17 
1+«2DQGWZRLGHQWLFDO2+«1LQWHUDFWLRQV7KHVHDUHVKRZQLQFigure 1. 18 
Figure 1: Intermolecular H-ERQGLQJFU\VWDOFKHPLVWU\IRUĮ-3$%$OHIWDQGȕ-PABA (right) 
  
8 
Detailed theoretical and experimental studies of the solution and solid-state chemistry1, 2, along with the 1 
nucleation behaviour60-62, have concluded that the solvent influence on solution pre-clustering can impact 2 
upon the nucleation rate, critical cluster size and polymorphic form crystallised8. The observation that, 3 
despite the Į- and ȕ-polymorphs having an enantiotropic relationship with a well-defined transition tem-4 
perature56, 57, the Į-form often dominates the crystallisation, is of particular interest.  5 
3UHYLRXVVWXGLHVKDYHLGHQWLILHGWKDWWKH2+«2+-ERQGLQJFODVVLFGLPHUIRXQGLQWKHĮ-structure is im-6 
SRUWDQWLQVWDELOLVLQJWKHODWWLFHHQHUJ\RIWKHĮ-form1. In addition, previous theoretical studies of PABA 7 
FOXVWHUVWDELOLWLHV LQHWKDQROVXJJHVWHGWKDWWKHFODVVLF2+«2GLPHUZRXOGEHYHU\VWDEOH LQHthanol, 8 
correlating to experimental studies small angle X-ray scattering studies which suggested that a cluster 9 
IRUPVZLWKD VKDSHFRQVLVWHQWZLWK WZR3$%$PROHFXOHV IRUPLQJDQ2+«2+-bonding dimer2. One 10 
hypothesis is that this 2+«2+-bonding dimer, that is present in the Į form, drives this dominant crys-11 
tallisation of thHĮ-form60, 61, and the impedance of this dimer by a solvent such as water can result in 12 
crystallisation of the ȕ-form62.  13 
This study decRQVWUXFWVWKHĮ- DQGȕ-crystal structures down to their single molecular structures, and 14 
then re-builds them based on molecular hydrogen-bonded building blocks of monomers, dimers and 15 
tetramers. The stability of the molecular conformation and the stability of increasing size building blocks 16 
of each form in the different solvent environments is examined using electronic structure theory and 17 
statistical thermodynamics calculations, to rationalise how the conformation energy and the energy of 18 
self-assembled pre-nucleation clusters in solution could template the crystallisation of particular polymor-19 
phic forms, through the overall methodology which is summarised in Figure 2. To our knowledge, this is 20 
the first time that such an approach has been applied on a polymorphic system, whereby the simulations 21 
can be related to the solution chemistry and solvent dependent polymorphic crystallisation of the system. 22 
 23 
 24 
 25 
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&RQIRUPDWLRQDO$QDO\VLV 
&260256VROXWLRQ
FDOFXODWLRQVRIFOXVWHU
VWDELOLWLHV 
5HODWHWRWKHFU\V
WDOOLVDWLRQRIĮDQG
ȕ3$%$ 
5HFRQVWUXFWLRQLQWR« 
Dimers Dimers 
Tetramers Tetramers 
Octamers Octamers 
Į ȕ 
DA1 DA2 DB1 DB2 
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7Į 
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OB1 
OA1 
Figure 2: :RUNIORZIRUWKHGHFRQVWUXFWLRQRIWKHFU\VWDOVWUXFWXUHVRIĮDQGȕ-PABA to the single molecule, 
and the subsequent reconstruction into H-bonding dimers, tetramer and octamers, highlighting the calcula-
tions carried out to examine their stabilities  
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2 Materials and Methods 1 
2.1 Para Aminobenzoic Acid 2 
This study focusses on the Į- and ȕ-forms of PABA. There are two structures of Į-PABA (AMBNAC01 3 
&06) and two structures of ȕ-PABA (AMBNAC04 &08) in the Cambridge Structural Database with re-4 
solved atomic positions. The two different structures of Į-PABA show practically identical intermolecular 5 
crystal chemistry, and this is the same in the case of the two different structures of ȕ-PABA. 6 
2.2 Electronic Structure Theory Calculations 7 
All electronic structure theory calculations were carried out using Gaussian0963. 8 
2.2.1 Gas Phase Geometry Optimisation of a Single Molecule  9 
7KHVLQJOHPROHFXOHVRI3$%$IURPWKHGLIIHUHQWFU\VWDOVWUXFWXUHVWRWDOOLQJPROHFXOHVVLQFHWKHUH10 
DUHWZRPROHFXOHVLQWKHDV\PPHWULFXQLWRIĮ3$%$ZHUHRSWLPLVHGLQWKHJDVSKDVHZLWKDGHQVLW\11 
IXQFWLRQDOWKHRU\')7DSSURDFKXWLOLVLQJD*EDVLVVHWDQGWKH%HFNHWKUHHSDUDPHWHU/HH<DQJ12 
3DUU%/<3H[FKDQJHFRUUHODWLRQIXQFWLRQ7KLVPHWKRGKDVEHHQZLGHO\XVHGLQWKHVLPXODWLRQRI13 
WKHVWDELOLW\DQGWKHUPRFKHPLVWU\RIVPDOOPROHFXOHVDQGKDVUHFHQWO\EHHQXVHGWRH[DPLQHWKHVWDELOLW\14 
RI+ERQGLQJFOXVWHUVRIHWKDQRODQGSURSDQRO 15 
2.2.2 Gas Phase Conformational Analysis of the COOH and NH2 Groups 16 
7KHGHSHQGHQFHRIWKHHQHUJ\RIDVLQJOHPROHFXOHRQWKHJHRPHWU\RIWKH&22+DQG1+JURXSVZDV17 
FDOFXODWHGXVLQJWKHµ5HGXQGDQW&RRUGLQDWH6FDQ¶RSWLRQLQ*DXVVLDQ7KHWRUVLRQVZHUHGHILQHGDV18 
UHGXQGDQWFRRUGLQDWHGLKHGUDOVZKHUHE\WKH&22+ZDVULJLGO\URWDWHGLQVWHSVDQGWKHK\GUR19 
JHQVRQWKH1+JURXSZHUHEHQWLQWRS\UDPLGDOSRVLWLRQVDSSUR[LPDWHO\DERYHDQGEHORZWKHQLWUR20 
JHQLQVWHSV7KHFRQIRUPDWLRQDOHQHUJLHVZHUHFDOFXODWHGXVLQJWKH%/<3*DSSURDFK 21 
 22 
 23 
  
11 
2.3 Solvent Continuum Calculations 1 
2.3.1 Selection of Molecular Structural Building Blocks 2 
7KHGLPHULFEXLOGLQJEORFNVZHUHVHOHFWHGEDVHGRQWKHVWURQJHVW+ERQGLQJLQWHUDFWLRQVIRXQGIURPD3 
SUHYLRXVVWXG\RIWKHLQWHUPROHFXODULQWHUDFWLRQVZLWKLQWKHFU\VWDOORJUDSKLFVWUXFWXUHVRIWKHĮDQGȕ4 
SRO\PRUSKLFIRUPVRI3$%$ 5 
2.3.2 Polarised Continuum Solvent Geometry Optimisations 6 
7KHPRQRPHUVLGHQWLILHGIURPWKHWZRFU\VWDOVWUXFWXUHVRIĮ3$%$DQGWKHFU\VWDOVWUXFWXUHRIȕ3$%$7 
ZHUHRSWLPLVHGXVLQJWKH*EDVLVVHWXWLOLVLQJWKH%/<3IXQFWLRQDODQGFRPSDUHGWRWKHVDPH8 
XVLQJWKH03*)RUERWKPHWKRGVWKHWRUVLRQDQJOHVRIWKH&22+DQG1+JURXSVZHUHFRQ9 
VWUDLQHGXVLQJWKHµUHGXQGDQWFRRUGLQDWHIUHH]HRSWLRQ¶7KH&RQGXFWLQJ3RODULVDEOH&RQWLQXXP&3&010 
PHWKRGZDVVHOHFWHGDQGWKHGLHOHFWULFFRQVWDQWRIWKHVROYHQWVSHFLILHG7KHPRQRPHUVDQGFOXVWHUV11 
ZHUHH[DPLQHGLQWKHIROORZLQJVROYHQWVZDWHU+2DFHWRQLWULOH$&1GLPHWK\OVXOIR[LGH'06212 
HWK\ODFHWDWH($HWKDQRO(W2+PHWKDQRO0H2+DQGQLWURPHWKDQH10H 13 
7KHUHVXOWLQJRSWLPLVHGJHRPHWULHVZHUHWKHQXVHGWRFDOFXODWHDVLQJOHSRLQWHQHUJ\XVLQJWKH%HFNH14 
3DUUIXQFWLRQDOZLWKDWULSOH]HWDSOXVSRODULVDWLRQEDVLVVHWXWLOLVLQJWKH&260256NH\ZRUGWRSUR15 
GXFHLQSXWVIRUVXEVHTXHQWVROXWLRQSRSXODWLRQFDOFXODWLRQV 16 
7KH%/<3*DSSURDFKZDVWKHQUHSHDWHGIRUWKHGLPHUV WHWUDPHUVDQGRFWDPHUV7KHUHVXOWV17 
IURPXVLQJWKH%/<3IXQFWLRQDOZHUHFRPSDUHGWRWKRVHXVLQJWKHGLVSHUVLRQFRUUHFWHG0;IXQF18 
WLRQDODVWKHODWWHUKDVEHHQVKRZQWRJLYHPXFKLPSURYHGUHVXOWVZKHQWUHDWLQJV\VWHPVLQZKLFK19 
WKHGLVSHUVLRQIRUFHSOD\VDVLJQLILFDQWUROHLQWKHLQWHUPROHFXODULQWHUDFWLRQV 20 
2.3.3 Calculations of Solution Populations of Monomers and Clusters 21 
The solution populations were calculated within COSMOWKHUPX15, using the COSMO files produced 22 
from Gaussian09 as input for the solute. 7KHVFUHHQLQJFKDUJHGHQVLWLHVıDWWKHVXUIDFHRIWKHFOXVWHUV23 
  
12 
calculated from the DFT optimisation, were used to calculate the interaction of the clusters with the sur-1 
rounding solvent molecules, using a statistical thermodynamic ensemble41 (full details provided in Sec-2 
tion S1, supplementary material). The solvent¶s COSMO files were selected from the TZVP database 3 
provided in COSMOthermX15. The mixture calculation was selected and the concentration of the solute 4 
was set to infinite dilution at 25°C. The energy of the molecule or cluster in the solv ent continuum and 5 
the chemical potential of the molecule or cluster was also extracted from the COSMOtherm output file. 6 
3 Results and Discussion 7 
3.1 Conformational Analysis of a Single Molecule of PABA 8 
Table 1 VKRZVWKHWRUVLRQDQJOHVIRUR[\JHQ¶VLQWKH&22+JURXSDQGWKHK\GURJHQVRIthe NH2 group, 9 
away from the plane of the phenyl ring, for the six possible molecular conformers of PABA found from 10 
the Į- DQGȕ-PABA crystal structures in the Cambridge Structural Database. 11 
 12 
Table 1: Torsion angles of the NH2 and COOH functional groups from the AMBNAC01, 04 and 06 crystal 13 
structures published in the Cambridge Structural Database. Two molecules shown for the two molecules 14 
in the asymmetric unit of the AMBNAC01 and 06 crystal structures. Two angles shown for the two C-C-N-15 
H and C-C-C-O angles for the NH2 and COOH groups respectively 16 
3RO\PRUSK 5HI&RGH &&1+WRUVLRQ &&&27RUVLRQ$QJOH 
Į $0%1$&   
Į $0%1$&   
Į $0%1$&   
Į $0%1$&   
ȕ $0%1$&   
ȕ $0%1$&   
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7DEOHVKRZVWKDWWKHPROHFXODUFRQIRUPHUVLQWKHĮ3$%$$0%$1&DQG$0%1$&VWUXFWXUHVKDG1 
SODQDU&22+JURXSVKRZHYHUWKH1+JURXSLQWKH$0%1$&VWUXFWXUHZDVVOLJKWO\PRUHS\UDPLGDO2 
WKDQWKHVDPHIRXQGLQWKH$0%1$&VWUXFWXUH7KRXJKERWKRIWKHĮ3$%$VWUXFWXUHVKDYHWZRPRO3 
HFXOHV LQ WKHDV\PPHWULFXQLW LQERWK FDVHV WKH FRQIRUPDWLRQVRI WKH WZRPROHFXOHV LQHDFKFU\VWDO4 
VWUXFWXUHZHUHIRXQGWREHDOPRVWLGHQWLFDO 5 
ȕ3$%$KDVRQO\RQHPROHFXOH LQWKHDV\PPHWULFXQLWDQGWKHPROHFXODUFRQIRUPDWLRQVIRXQGLQWKH6 
$0%1$&DQG$0%1$&VWUXFWXUHVZHUHDOPRVWLGHQWLFDOZLWKDVOLJKWO\WRUVLRQHG&22+JURXSDQG7 
DPRUHS\UDPLGDO1+JURXSLQFRPSDULVRQWRWKHĮ3$%$FRQIRUPHUV*HRPHWU\RSWLPLVDWLRQRIWKHVH8 
VL[FRQIRUPHUVUHVXOWHGLQWKHVDPHVWUXFWXUHVXJJHVWLQJWKLVZDVWKHORZHVWHQHUJ\PROHFXODUFRQIRU9 
PDWLRQVKRZQLQ)LJXUH 10 
  11 
 12 
)LJXUHVKRZVWKDWWKHPRVWVWDEOHPROHFXODUFRQIRUPDWLRQIRXQGIRU3$%$KDGDSODQDU&22+JURXS13 
DQGDS\UDPLGDOVKDSHG1+JURXSZLWKUHVSHFWWRWKHSKHQ\OULQJ7KHVHUHVXOWVDUHLQJRRGDJUHHPHQW14 
ZLWKSUHYLRXVO\SXEOLVKHGJDVSKDVHHOHFWURQLFVWUXFWXUHWKHRU\FDOFXODWLRQVRID3$%$PROHFXOH7KH15 
Figure 3: Most stable molecular conformation for a single molecule of pABA found from a 6-31G*/B3LYP 
gas phase geometry optimisation.  
0.04° 
0.12° 22.86° 
-22.86° 
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IDFWWKDWHDFKRIWKHFRQIRUPHUVLQWKHGLIIHUHQWFU\VWDOVWUXFWXUHVRSWLPLVHVWRWKHVDPHFRQIRUPHUVXJ1 
JHVWVWKDWWKHHQHUJHWLFEDUULHUVWRFKDQJHVLQPROHFXODUFRQIRUPDWLRQDUHUHODWLYHO\ORZIRU3$%$ 2 
6LQFHERWK WKH WRUVLRQDQJOHV IRU WKH&22+DQG1+JURXSVYDU\EHWZHHQ WKHĮ3$%$DQGȕ3$%$3 
FRQIRUPHUVWKHHQHUJHWLFGHSHQGHQFHRQWKHURWDWLRQRIWKH&22+JURXSDQGWKHS\UDPLGLOLVDWLRQRIWKH4 
1+ZDVH[DPLQHGVKRZQLQ)LJXUH 5 
 6 
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 1 
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 4 
)LJXUHDVKRZVWKDWGLVWRUWLRQRIWKH&22+JURXSDZD\IURPLWVPRVWVWDEOHSODQDURULHQWDWLRQFDQ5 
VLJQLILFDQWO\LQFUHDVHWKHHQHUJ\RIWKHPROHFXOH7KH&22+JHRPHWU\IRXQGLQWKH$0%1$&DQG6 
Į3$%$VWUXFWXUHVZDVIRXQGWREHFORVHVWWRWKHFRQIRUPDWLRQDOPLQLPDZKLOVWWKHVOLJKWURWDWLRQRIWKH7 
&22+JURXSIRXQGLQWKH$0%1$&DQGȕ3$%$VWUXFWXUHVUHVXOWHGLQDVPDOOHQHUJ\SHQDOW\RI8 
OHVVWKDWNMPRO 9 
)LJXUHEVKRZVWKDWWKHIODWWHQLQJRIWKH1+JURXSWRSODQDUZLWKUHVSHFWWRWKHSKHQ\OULQJDZD\10 
IURPLWVVOLJKWO\S\UDPLGDORSWLPDOJHRPHWU\LQFUHDVHVWKHHQHUJ\RIWKHPROHFXOH,QFUHDVLQJWKHS\UDP11 
LGDOQDWXUHRIWKHJURXSEH\RQGUDSLGO\LQFUHDVHVWKHHQHUJ\RIWKHPROHFXOH7KHVOLJKWO\S\UDPLGDO12 
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Figure 4: Conformational energy scan of the (a) rigid rotation of the COOH group in 10° steps and (b) the 
pyramidal nature of the NH2 group in 2° steps. The torsion angles for both of these groups foun d for the 
conformers in the crystal structures are also shown 
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1+JHRPHWU\LQWKH$0%1$&Į3$%$VWUXFWXUHZDVIRXQGWREHFORVHVWWRWKHFRQIRUPDWLRQDOPLQL1 
PXPZLWK WKHSODQDU$0%1$&Į3$%$JHRPHWU\DQG LQFUHDVHGS\UDPLGDO$0%1$&DQGȕ2 
3$%$JHRPHWULHVHDFKFRVWLQJDQHQHUJ\SHQDOW\RIDSSUR[LPDWHO\NMPRO 3 
7KHUHODWLYHO\ORZHQHUJ\SHQDOWLHVEHWZHHQWKHFRQIRUPHUVIURPWKHGLIIHUHQWFU\VWDOVWUXFWXUHVVXJJHVWV4 
WKDWWKHFRQIRUPDWLRQZRXOGEHUHODWLYHO\IOXLGLQVROXWLRQ+RZHYHUWKHPRVWVWDEOHFRQIRUPHUZDVIRXQG5 
WREHWKH$0%1$&Į3$%$FRQIRUPHUZLWKDSODQDU&22+DQGVOLJKWO\S\UDPLGDO1+JURXS7KH6 
DVVHUWLRQWKDWWKH1+JURXSLVPRUHOLNHO\WREHS\UDPLGDOUDWKHUWKDQSODQDULVLQJRRGDJUHHPHQWZLWK7 
SUHYLRXVO\SXEOLVKHGFRUHOHYHOVSHFWURVFRS\H[SHULPHQWDOUHVXOWVDQGSHULRGLF')7FDOFXODWLRQVRQWKH8 
Į3$%$VWUXFWXUH 9 
7KRXJKWKHFRQIRUPDWLRQZLOOIOXFWXDWHLQVROXWLRQZHIHHOWKDWWKHVHFDOFXODWLRQVJLYHDQLQGLFDWLRQRI10 
ZKDWWKHHQHUJ\EDUULHUVWRDGRSWLQJWKHFRQIRUPDWLRQLQWKHFU\VWDOVWUXFWXUHDUHOLNHO\WREHKHQFHJLYLQJ11 
LQVLJKWLQWRZKDWNLQGRIEDUULHUWRFU\VWDOOLVDWLRQWKHFRQIRUPDWLRQFKDQJHIURPVROXWLRQWRFU\VWDOLVOLNHO\12 
WRSURYLGH 13 
3.2 Stability of Crystallographic Building Blocks in Solution 14 
3.2.1 Monomers 15 
The solution populations calculated for the different monomers are shown in Figure 5. 16 
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 2 
 3 
)LJXUHVKRZVWKDWWKHWZRFRQIRUPHUVIURPWKH$0%1$&ĮVWUXFWXUHZHUHIRXQGWRKDYHWKHODUJHVW4 
VROXWLRQSRSXODWLRQWKHQWKHFRQIRUPHUVIURPWKH$0%1$&ĮVWUXFWXUHDQGWKHFRQIRUPHUVIURPWKH5 
$0%1$&ȕVWUXFWXUHVKDGWKHORZHVWVROXWLRQSRSXODWLRQVRIDURXQG'HVSLWHWKHFRQIRUPDWLRQDO6 
DQDO\VLV VXJJHVWLQJ WKDW WKH$0%1$& FRQIRUPHUV ZHUH PRUH VWDEOH LQ WKH JDV SKDVH WKDQ WKH7 
$0%1$&FRQIRUPHUV WKH$0%1$&ZHUHFDOFXODWHG WRKDYHVOLJKWO\KLJKHUVROXWLRQSRSXODWLRQV8 
WKDQ WKH $0%1$& 7KLV FRXOG EH GXH WR WKH &2602WKHUP LQSXW ILOHV EHLQJ FUHDWHG XVLQJ WKH9 
%37=93DSSURDFKZKLFKPD\QRWVXIILFLHQWO\DFFRXQWIRULQFUHDVHGVWDELOLW\RIWKHVOLJKWO\S\UDPLGDO10 
1+JURXS LQ WKH$0%1$&VWUXFWXUH+RZHYHU WKHVHIUHHHQHUJ\GLIIHUHQFHVDUHH[WUHPHO\VPDOO11 
ZKHUHE\WKHPDLQILQGLQJKHUHLVWKDWWKHȕFRQIRUPHUZDVFDOFXODWHGWREHOHVVVWDEOHLQVROXWLRQWKDQ12 
WKH ĮFRQIRUPHUV SUREDEO\ GXH WR WKH FRPELQDWLRQ RI WKH URWDWHG &22+JURXS DQG LQFUHDVHG S\UD13 
PLGLOLVDWLRQRIWKH1+JURXS 14 
+HQFHWKHHQHUJ\EDUULHUGXHWRFKDQJHLQPROHFXODUFRQIRUPDWLRQIURPOLTXLGWRVROLGVWDWHLVOLNHO\WR15 
EHJUHDWHVWIRUWKHȕVWUXFWXUH+RZHYHUWKHVHFDOFXODWLRQVVXJJHVWWKDWWKLVHQHUJ\EDUULHULVOLNHO\WR16 
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Figure 5: The normalised weight factors of the two mROHFXOHVRIWKHDV\PPHWULFXQLWRIĮ-PABA from the 
WZRFU\VWDOVWUXFWXUHVRIĮ-PABA and the single molecule from the asymmetric unit of the crystal structure 
RIȕ-PABA, using the 6-31G*/B3LYP approach 
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EHUHODWLYHO\ ORZDQGPD\QRWEHWKHGLUHFWLQJIDFWRU LQ WKHFU\VWDOOLVDWLRQRI WKHGLIIHUHQWSRO\PRUSKLF1 
IRUPV 2 
 3 
3.2.2 Identification of Putative Growth Units for Self-assembly from Solution 4 
7KHDERYHUHVXOWVKDVLGHQWLILHGWKHVWDELOLW\RIGLIIHUHQWFRQIRUPHUVRIWKH3$%$PROHFXOHDQGWKHHQHUJ\5 
SHQDOW\ WKDW WKH\PD\RFFXUZKHQ WKHPROHFXOH WUDQVLWLRQV IURP WKHVROXWLRQ WR WKHVROLGVWDWHFU\VWDO6 
IRUP&U\VWDOVWUXFWXUHVDUHDEDODQFHRIFRQIRUPDWLRQDODQGSDFNLQJHQHUJLHVWKHUHIRUHGUDZLQJXSRQ7 
SUHYLRXVVWXGLHVRIWKHVROLGVWDWHFKHPLVWU\LQWHUPROHFXODUV\QWKRQVWUXFWXUHDQGVROXWLRQVWUXFWXUHSUH8 
VHQWLQWKHĮDQGȕ3$%$WKHIROORZLQJUHVXOWVGHDOZLWKWKHVROXWLRQVWDELOLW\RIWKH+ERQGHGEXLOGLQJ9 
EORFNVIRXQGLQĮDQGȕ3$%$7KHVHPROHFXODUEXLOGLQJEORFNVDUHVXPPDULVHGLQ)LJXUH 10 
 11 
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 2 
 3 
7KHEXLOGLQJEORFNVVKRZQLQ)LJXUHZHUHH[DPLQHGXVLQJWKH&260256DSSURDFKWRHVWLPDWHWKHLU4 
UHODWLYHSRSXODWLRQVLQVROXWLRQQRUPDOLVHGZHLJKWIDFWRUV 5 
 6 
Figure 6: The 4 dimers, 4 tetUDPHUVDQGRFWDPHUVGHSLFWHGIURPWKHFU\VWDOVWUXFWXUHRIĮ- DQGȕ-poly-
morphs of PABA. These clusters are based on the H-bonding interactions that have been found to be im-
SRUWDQWLQWKHVWDELOLVDWLRQRIWKHĮ- DQGȕ-structures of PABA in previous studies1, 2 
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 1 
3.2.3 Dimers 2 
$SUHYLRXVVWXG\KDVVKRZQWKDWWKH'$GLPHUZDVIRXQGWREHWKHVWURQJHVWV\QWKRQIURPWKHVROLG3 
VWDWHVWUXFWXUHVRIĮDQGȕ3$%$DQGWKDWWKHVWDELOLW\RIVXFKµFODVVLFFDUER[\OLFDFLGGLPHUV¶LQVROXWLRQ4 
FDQWHPSODWHWKHQXFOHDWLRQRIVSHFLILFFU\VWDOOLQHIRUPVRIVPDOORUJDQLFPROHFXOHV)LJXUHVKRZV5 
DFRPSDULVRQRIWKHQRUPDOLVHGZHLJKWIDFWRUVRIWKH+ERQGHGGLPHUVVKRZQLQ)LJXUH 6 
 7 
 8 
 9 
 10 
)LJXUHVKRZVWKDWWKH'$GLPHUGRPLQDWHVWKHVROXWLRQSRSXODWLRQVLQDOOVROYHQWVZKHQFRPSDUHGWR11 
WKHRWKHUGLPHUV7KHFRPSDULVRQRI'$ZLWK'%LQZDWHUVKRZWKDWWKHUHLVDVPDOODPRXQWRIWKH12 
'%GLPHUSUHGLFWHGWREHSUHVHQWLQWKDWVROXWLRQEXWWKH'$GLPHULVVWLOOFOHDUO\SUHGLFWHGWREHWKH13 
PRVWVWDEOHGLPHULFEXLOGLQJEORFNLQVROXWLRQZKLFKH[LVWVLQHLWKHUWKHĮRUWKHȕVWUXFWXUH 14 
:KHQ'$LVQRWFRQVLGHUHGWKH'%FOXVWHULVJHQHUDOO\SUHGLFWHGWRKDYHWKHKLJKHVWVROXWLRQSRSXOD15 
WLRQLQFRPSDULVRQWRWKHRWKHUGLPHUVVKRZQLQ)LJXUH 16 
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Figure 7: Comparison of the normalised weight factors of DA1 with the other dimers identified in Figure 6 
showing that the DA1 dominates the calculated solution populations in all of the solvents studied here 
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 5 
)LJXUHVKRZVWKDWWKH'%GLPHUZDVSUHGLFWHGKDYHWKHJUHDWHVWVROXWLRQSRSXODWLRQZKHQFRPSDUHG6 
WRWKH'$DQG'%ZKLFKERWKFRQWDLQWKH1+«2+ERQGLQJLQWHUDFWLRQ7KH'%GLPHULVSDUWLFXODUO\7 
GRPLQDQWLQZDWHUDQGQLWURPHWKDQH,QWHUHVWLQJERWKRIWKHVHVROYHQWVGLVSOD\XQXVXDOSRO\PRUSKLFEH8 
KDYLRXULQFRPSDULVRQWRWKHRWKHUVROYHQWVVWXGLHGZLWKZDWHUEHLQJWKHPRVWUHOLDEOHVROYHQWIRUSUR9 
GXFLQJWKHȕIRUPDQGQLWURPHWKDQHEHLQJUHFHQWO\IRXQGWRSURGXFHDVROYDWHVWUXFWXUH 10 
6LQFHLWKDVEHHQKLJKOLJKWHGWKDW')7FDOFXODWLRQVRIRUJDQLFPDWHULDOVFDQRIWHQSRRUO\HVWLPDWHWKH11 
HIIHFWVRIGLVSHUVLRQLQWHUDFWLRQVDFRPSDULVRQRIWKHUHVXOWVXVLQJWKH%/<3DQGGLVSHUVLRQFRU12 
UHFWHG0;IXQFWLRQDOUHYHDOHGQHJOLJLEOHFKDQJHVLQWKHVROXWLRQSRSXODWLRQUHVXOWVVXSSOHPHQWDU\13 
PDWHULDOV+HQFHWKH%/<3IXQFWLRQDOZDVXVHGIRUWKHVROXWLRQSRSXODWLRQFDOFXODWLRQVRIWKHWHWUDP14 
HUVDQGRFWDPHUV 15 
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Figure 8: Solution populations of DB2 in comparison to the other dimers except DA1, showing that the DB2 
dimer is the second most stable dimer and has particular stability in water, possibly templating the for-
PDWLRQRIȕ-PABA in water 
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7KHIUHHHQHUJ\FKDQJHIURPWZRPRQRPHUVWRWKHIRXU+ERQGLQJGLPHUVLQDTXHRXVVROXWLRQZDVDOVR1 
FDOFXODWHG)LJXUH6LQVXSSOHPHQWDU\PDWHULDO7KHIUHHHQHUJ\FKDQJHIRUHDFKRIWKHIRXUGLPHUV2 
ZDVQHJDWLYHVXJJHVWLQJWKH\DUHSODXVLEOHEXLOGLQJEORFNVIRUHPEU\RQLFVROXWLRQFOXVWHUV,WZDVDOVR3 
IRXQGWKDWWKHIUHHHQHUJ\FKDQJHIRUWKH'$FOXVWHUZDVPRVWIDYRXUHGIROORZHGE\WKH'%FOXVWHU4 
VXJJHVWLQJWKDWWKHSRSXODWLRQVVKRZQLQ)LJXUHDUHUHSUHVHQWDWLYHRIWKHIUHHHQHUJ\FDOFXODWLRQV 5 
 6 
3.2.4 Tetramers and Octamers 7 
7KHQRUPDOLVHGZHLJKWIDFWRUVRIWKHWHWUDPHUVDQGRFWDPHUVDUHVKRZQLQ)LJXUH 8 
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Figure 9: (a) Comparison of the normalised weight factors of the H-bonding tetramers identified in Figure 
6; (b) comparison of the normalised weight factors of the two H-bonding octamers identified in Figure 5. 
These results show that as the size of the clusters increases, the population of the tetramers and octamers 
FRQWDLQLQJWKH2+«2+-bonding dimers becomes even more enhanced in comparison to those which do 
not contain this interaction 
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7KH7$FOXVWHUZKLFKLVPDGHXSRIWZR'$OLNH+ERQGLQJGLPHUVWKDWDUHOLQNHGE\DQ1+«2+1 
ERQGZHUHFDOFXODWHGWRGRPLQDWHLQVROXWLRQRYHUWKHRWKHUFOXVWHUVH[DPLQHG7KLVGRPLQDWLRQRIWKHVH2 
2+«2DQG1+«2+ERQGLQJFOXVWHUVLVDOVRUHIOHFWHGLQWKHGRPLQDWLRQRIWKHĮ+ERQGLQJRFWDPHU3 
RYHUWKHȕ+ERQGLQJRFWDPHU7KHKLJKVWDELOLW\RIWKHFOXVWHUVRILQFUHDVLQJVL]HWKDWDUHUHIOHFWLYHRI4 
WKHĮFU\VWDOVWUXFWXUHPD\EHLQGLFDWLYHWKDWWKHVHOIDVVHPEO\RIWKHĮVWUXFWXUHLQVROXWLRQLVIDYRXUHG5 
RYHUWKHȕVWUXFWXUHVHOIDVVHPEO\UHVXOWLQJLQWKHGRPLQDQWFU\VWDOOLVDWLRQRIWKHĮIRUP 6 
3.3 Cluster Energetics 7 
(TXDWLRQ6VXSSOHPHQWDU\PDWHULDOLQGLFDWHVWKDWWKHSRSXODWLRQRIWKHGLIIHUHQWFOXVWHUVLVGHSHQGHQW8 
RQWKHHQHUJ\RIWKHFOXVWHULQWKHFRQWLQXXP(FRVPRDQGWKHFKHPLFDOSRWHQWLDOȝV7KH(FRVPRHQHUJHW9 
LFVDQGWKHFKHPLFDOSRWHQWLDOVIRUWKHGLPHUVDUHVKRZQLQ)LJXUH 10 
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 1 
 2 
 3 
)LJXUHDUHYHDOVWKDWWKHHQHUJ\RIWKH'$GLPHULQWKHFRQWLQXXPIRUDOOWKHVROYHQWVLVPXFKPRUH4 
VWDEOHWKDQIRUWKHRWKHUGLPHUVWHVWHG7KLVVXJJHVWVWKDWWKHHQHUJ\RILQWHUDFWLRQEHWZHHQWKHPROH5 
FXOHV LQ WKH'$UHVXOWV LQ LWVGRPLQDWLRQRI WKH%ROW]PDQQSRSXODWLRQV )XUWKHU WR WKLV)LJXUHE6 
VKRZVWKDWWKHFKHPLFDOSRWHQWLDOVIRU'$DUHLQJHQHUDOORZHUWKDQIRUPRVWRIWKHRWKHUFOXVWHUVVWXG7 
LHG ,QGHHG WKH FKHPLFDO SRWHQWLDO FDOFXODWHG IRU WKH'$FOXVWHU LQZDWHUZDV IRXQG WREHSRVLWLYH8 
(a) 
(b) 
0
5
10
15
20
25
30
35
40
DA1 DA2 DB1 DB2
R
el
at
iv
e 
En
er
gy
 
(kj
/m
o
l)
Cluster
H2O
ACN
DMSO
EA
EtOH
MeOH
NMe
-70
-60
-50
-40
-30
-20
-10
0
10
20
DA1 DA2 DB1 DB2
Ch
em
ic
al
 P
o
te
n
tia
l (k
j/m
o
l)
Cluster
H2O
ACN
DMSO
EA
EtOH
MeOH
NMe
Figure 10: (a) Ecosmo for the dimers showing that the free energy of the DA1 dimer is over 20kj/mol more 
stable than the next most stable dimer in all solvents; (b) the chemical potentials for the dimers showing 
that the DA1 has a particularly unfavourable chemical potential in water 
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VXJJHVWLQJWKDWWKH'$GLPHUVLQWHUDFWLRQVZLWKWKHVXUURXQGLQJVROXWLRQDUHXQIDYRXUDEOHEXWWKLVLV1 
FRPSHQVDWHGE\WKHIDYRXUDEOHLQWHUDFWLRQHQHUJ\EHWZHHQWKH3$%$PROHFXOHVZLWKLQWKHGLPHU 2 
3.4 Impact upon the Direction of Polymorphic Form 3 
7KHH[DPLQDWLRQRIWKHFRQIRUPDWLRQDQGFOXVWHUVWDELOLW\RI3$%$LQVROXWLRQVXJJHVWVWKDWERWKRIWKHVH4 
SRVHDJUHDWHUEDUULHUWRWKHFU\VWDOQXFOHDWLRQRIȕ3$%$IURPVROXWLRQFRPSDUHGWRĮ3$%$)XUWKHU5 
VFUXWLQ\RIWKH+ERQGLQJULQJVWUXFWXUHLQȕ3$%$)LJXUHVKRZVWKDWWKHGLUHFWLRQDOLW\RIWKH'%DQG6 
'%V\QWKRQVLQGHHGGLVWRUWVWKHFRQIRUPDWLRQRIWKH&22+DQG1+JURXSVWRDFRQIRUPDWLRQWKDWZDV7 
FDOFXODWHGWREHOHVVVWDEOHLQVROXWLRQWKDQWKHĮ3$%$FRQIRUPDWLRQ+HQFHLWLVOLNHO\WKDWWKH&22+8 
JURXSRQWKHPROHFXOHLQWKHȕIRUPURWDWHVWRWKLVXQIDYRXUDEOHFRQIRUPDWLRQWRPD[LPLVHWKH2+«19 
DQG1+«2+ERQGLQJLQWHUDFWLRQV+RZHYHUVLQFHWKHHQHUJ\EDUULHUVWRGLVWRUWLQJWKHFRQIRUPDWLRQLQ10 
VROXWLRQZHUHFDOFXODWHGWREHORZLWLVPRUHOLNHO\WKDWWKHFOXVWHULQJRIWKHVROXWHLQVROXWLRQGLUHFWVWKH11 
QXFOHDWLRQWRDJUHDWHUH[WHQWWKDQWKHPROHFXODUFRQIRUPDWLRQ 12 
7KHFDOFXODWHGGRPLQDQWVWDELOLW\RIWKH2+«2+ERQGLQJGLPHUVDORQJZLWKWKHWHWUDPHUVDQGRFWDPHUV13 
FRQWDLQLQJVXFK+ERQGLQJPRWLIVSUREDEO\GLUHFWVWKHGRPLQDQWQXFOHDWLRQRIWKHĮIRUPREVHUYHGIURP14 
PRVWRUJDQLFVROYHQWV$FRPSDULVRQWRSDPLQRSKHQROVKRZVWKDWUHSODFLQJWKH&22+JURXSZLWKDQ15 
2+JURXSUHVXOWVLQDSDFNLQJVWUXFWXUHZKLFKPRUHFORVHO\UHVHPEOHVWKHȕ3$%$VWUXFWXUHUDWKHUWKDQ16 
Į3$%$,WFDQEHREVHUYHGWKDWLQVPDOOPROHFXOHVZKLFKFRQWDLQDFDUER[\OLFJURXSVXFKDVLEXSURIHQ17 
DQGDVSLULQWKHLUFU\VWDOVWUXFWXUHVFRQWDLQWKHFODVVLF2+«2+ERQGLQJLQWHUDFWLRQ+RZHYHUDVPRO18 
HFXOHVJRXSLQPROHFXODUZHLJKWDQGKDYHRWKHUFRPSHWLQJLQWHUPROHFXODULQWHUDFWLRQVZKLFKWKH\FDQ19 
IRUPWKHSURSHQVLW\IRUWKH2+«2GLPHUVWRGLUHFWWKHSDFNLQJVWUXFWXUHPD\ZHOOEHUHGXFHG+RZHYHU20 
IURPWKHOLPLWHGVWUXFWXUHVH[DPLQHGZHFDQVXJJHVWWKDWVPDOOPROHFXOHVDUHOLNHO\WRSDFNLQPRWLIVWKDW21 
IDFLOLWDWHWKHIRUPDWLRQRIWKHVHVWURQJ+ERQGLQJGLPHULQWHUDFWLRQV 22 
,WLVLQWHUHVWLQJWRQRWHWKHUROHWKDWWKH1+«2LQWHUDFWLRQVSOD\LQOLQNLQJWKH2+«2+ERQGLQJGLPHUV23 
LQWKHĮVWUXFWXUHWRIRUP+ERQGLQJFKDLQVWKURXJKWKHVWUXFWXUH7KHVHFKDLQVZLOOFUHDWHDFRRSHUDWLYH24 
+ERQGLQJHIIHFWZKLFKFDQHQKDQFHWKHSDFNLQJHQHUJ\RIWKHĮOLNHFOXVWHUVDVWKH\LQFUHDVHLQVL]H25 
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ZKHUHVXFKFRRSHUDWLYH+ERQGLQJVWDELOLVDWLRQKDVEHHQVHHQLQVLPLODURUJDQLFPROHFXOHV,QFRQ1 
WUDVWWKHȕIRUPGRHVQRWKDYHDQ\LQILQLWHFKDLQVRI+ERQGVZLWKLQLWVVWUXFWXUHVXJJHVWLQJWKDWFOXVWHUV2 
ZKLFKUHVHPEOHWKHȕIRUPZRXOGEHPXFKOHVVOLNHO\WREHQHILWIURPVXFKFRRSHUDWLYH+ERQGLQJHIIHFWV3 
+HQFHWKH+ERQGLQJFRRSHUDWLYLW\ZRXOGEHOLNHO\VLJQLILFDQWUROHLQWKHUDSLGVHOIDVVHPEO\RIWKHĮ4 
IRUPLQVROXWLRQDQGKDYHDPXFKOHVVHUHIIHFWRQVWDELOLVLQJVROXWHFOXVWHUVZKLFKUHVHPEOHWKHȕIRUP5 
LQVROXWLRQ 6 
'UDZLQJXSRQ WKHPRUHGHWDLOHGH[DPLQDWLRQRI WKH&260256FDOFXODWLRQV WKH2+«2+ERQGLQJ7 
GLPHUVZHUHIRXQGWREH OHDVWVWDEOH LQZDWHUGXHWRXQIDYRXUDEOH LQWHUDFWLRQVRI WKLVGLPHUZLWK WKH8 
VXUURXQGLQJVROXWLRQ:HVSHFXODWH WKDWWKHREVHUYDWLRQRIFU\VWDOOLVDWLRQRI WKHȕIRUPIURPDTXHRXV9 
VROXWLRQVFDQEHUHODWHGWRWKHVHXQIDYRXUDEOHLQWHUDFWLRQVRIWKLVGLPHUZLWKWKHVXUURXQGLQJZDWHU10 
KHQFHLPSHGLQJWKHQXFOHDWLRQRIWKHĮIRUP 11 
 12 
4 Conclusions 13 
7KLVVWXG\KDV UHYHDOHG WKDWHYHQ IRUDVPDOOPROHFXOH VXFKDV3$%$ WKHPROHFXODUFRQIRUPDWLRQ14 
FU\VWDOSDFNLQJDQGVROXWHFOXVWHULQJLQVROXWLRQFDQLPSDFWXSRQWKHSRO\PRUSKLFGLUHFWLRQRIVROXWLRQ15 
FU\VWDOOLVDWLRQ7KHVHVLPXODWLRQVKDYHUHYHDOHGWKDWWKHFU\VWDOSDFNLQJRIWKHĮIRUPVWUXFWXUHLVOHVV16 
OLNHO\ WR GLVWRUW WKH 3$%$ PROHFXOH DZD\ IURP LWV PRVW IDYRXUHG FRQIRUPDWLRQ ZKLOVW WKH GLUHFWLRQDO17 
2+«1DQG1+«2+ERQGLQJULQJLQWHUDFWLRQVSUHVHQWLQWKHȕIRUPVWUXFWXUHGLVWRUWWKH1+DQG&22+18 
WRUVLRQDQJOHVDZD\IURPWKHLUPRVWIDYRXUHGFRQIRUPDWLRQ$VDFDYHDWWRWKLVWKH2+«2+ERQGLQJ19 
GLPHUWKDWKDVEHHQLGHQWLILHGDVDNH\V\QWKRQIRUWKHĮIRUPVWUXFWXUHZDVIRXQGWRGRPLQDWHWKHVROX20 
WLRQSRSXODWLRQVLQFRPSDULVRQWRWKHRWKHULGHQWLILHGNH\V\QWKRQVIURPWKHĮDQGȕIRUPV 21 
7KHVHUHVXOWVVXJJHVWWKDWWKHHQHUJHWLFEDUULHUWRVROXWLRQFU\VWDOOLVDWLRQRIĮ3$%$ZRXOGEHORZHUWKDQ22 
ȕ3$%$UHIOHFWHGLQWKHH[SHULPHQWDOO\REVHUYHGGRPLQDQWFU\VWDOOLVDWLRQRIWKLVIRUPIURPVROXWLRQHYHQ23 
LQHQYLURQPHQWVZKHUHWKHȕIRUPLVH[SHFWHGWREHWKHUPRG\QDPLFDOO\VWDEOH,QGHHGWKHVHFDOFXODWLRQV24 
DOVRVXJJHVWWKDWWKHIRUPDWLRQRIWKH2+«2+ERQGLQJFDUER[\OLFDFLGGLPHUZRXOGEHOHDVWVWDEOHLQ25 
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ZDWHUUHIOHFWLQJH[SHULPHQWDOREVHUYDWLRQVWKDWWKHNLQHWLFEDUULHUWRQXFOHDWLRQLVKLJKHULQZDWHUZKHQ1 
FRPSDUHGWRDFHWRQLWULOHDQGHWKDQRODORQJZLWKZDWHUEHLQJWKHRQO\VROYHQWWRUHOLDEO\FU\VWDOOLVHWKH2 
ȕIRUP 3 
7KHIOH[LELOLW\RIVXFKVLPXODWLRQVWREHDEOHWRWUHDWDZLGHYDULHW\RIHOHPHQWVLQGLFDWHVWKDWWKHPHWKRGV4 
KHUHFRXOGEHH[SDQGHGWRDZLGHYDULHW\RISRO\PRUSKLFPDWHULDOV7KHHDUO\LQGLFDWLRQRIEDUULHUVWR5 
FU\VWDOOLVDWLRQRIFHUWDLQPROHFXOHVRUSRO\PRUSKVRIDSDUWLFXODUPROHFXOHFDQEHYLWDOLQWKHGHVLJQRI6 
FU\VWDOOLVDWLRQRIDKLJKYDOXHFU\VWDOOLQHPDWHULDO,QGHHGIROGLQJWKHLQIOXHQFHRIGLIIHUHQWVROYHQWLQWR7 
WKHPRGHOFDQIXUWKHUDVVLVWLQWKHGHFLVLRQPDNLQJDVVRFLDWHGZLWKWKHPDQXIDFWXULQJDQGSURFHVVLQJRI8 
DKLJKYDOXHFU\VWDOOLQHPDWHULDO 9 
$FNQRZOHGJPHQWV 10 
7KHDXWKRUVJUDWHIXOO\DFNQRZOHGJH WKH8.¶V(365&IRU WKH IXQGLQJRI WKLV UHVHDUFK WKURXJKD MRLQW11 
collaborative Critical Mass project between the Universities of Leeds and Manchester (grant references 12 
EP/IO14446/1 and EP/IO13563/1) which forms part of the doctoral studies of one of us (I.R). We also 13 
JUDWHIXOO\DFNQRZOHGJHWKH&ULWLFDO0DVVWHDPDWWKH8QLYHUVLW\RI0DQFKHVWHUOHDGE\3URIHVVRU¶V'DYH\14 
and Schroeder for stimulating discussions that inspired and contributed to the research and ideas pre-15 
sented in this paper. We are most grateful to Professor Andreas Klamt (COSMOlogic and University of 16 
Regensburg) for his valuable advice on the implementation and suitability of the COSMO-RS method 17 
with clusters of PABA.  18 
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